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Optically generated electron-hole plasma in high-index dielectric nanostructures was demonstrated
as a means of tuning of their optical properties. However, until now an ultrafast operation regime
of such plasma driven nanostructures has not been attained. Here, we perform pump-probe exper-
iments with resonant silicon nanoparticles and report on dense optical plasma generation near the
magnetic dipole resonance with ultrafast (about 2.5 ps) relaxation rate. Basing on experimental
results, we develop an analytical model describing transient response of a nanocrystalline silicon
nanoparticle to an intense laser pulse and show theoretically that plasma induced optical nonlin-
earity leads to ultrafast reconfiguration of the scattering power pattern. We demonstrate 100 fs
switching to unidirectional scattering regime upon irradiation of the nanoparticle by an intense fem-
tosecond pulse. Our work lays the foundation for developing ultracompact and ultrafast all-optical
signal processing devices.
I. INTRODUCTION
Silicon presents a versatile and low-cost platform for
data processing at speeds of 100 Gbit/s and beyond.1
This is possible thanks to a broad range of inherent opti-
cal nonlinearities such as stimulated Raman scattering,2
Kerr effect,3 two-photon absorption,4 thermo-optical
effect,5 and electron-hole plasma (EHP) generation.6
However, the relatively large size of such devices and their
high power consumption have remained an obstacle.
Miniaturization of an optical device is possible with
use of high-index dielectric (including silicon) nanopar-
ticles which due to their Mie resonances enhance light-
matter interaction at the nanoscale.7–13 Recently, such
all-dielectric nanostructures have been studied in the con-
text of huge enhancement of optical nonlinearities.14–18
The ability to control the scattering behavior of nanopar-
ticles via nonlinear effects may open unique opportunities
for effective light manipulation by using only a single di-
electric nanoparticle.
The choice of optical nonlinearity for data process-
ing is an important factor, which determines the ulti-
mate performance of a photonic device. Refractive in-
dex change induced by EHP nonlinearity can be signif-
icantly larger than that of Kerr nonlinearity,1 avoiding
the necessity to use high-Q large resonators and pho-
tonic crystals. The generation of EHP was employed
for tuning of silicon nanoantenna optical properties in
the IR and visible regions.15,16 However, in contrast to
the instantaneous Kerr mechanism, EHP relaxation pro-
cess at low-intensity photoexcitation is relatively slow
(tens-hundreds of picoseconds), being comparable with
the fastest electronic devices. Such slow EHP relaxation
in silicon-based nanoantennas was demonstrated in pre-
vious studies,17,18 where ultrafast (sub-picosecond) re-
configuration of resonant silicon (Si) nanoparticles was
achieved only via relatively weak Kerr-type optical non-
linearity. Therefore, for achieving effective all-optical sig-
nal processing by means of a single dielectric nanoparti-
cle, two basic problems should be solved: (i) achieving of
a few picosecond time of EHP relaxation, and (ii) opti-
mization of the modulation depth and time of switching.
In this Paper, we report on experimental observation
of ∼2.5 ps operation regime of a nonlinear all-dielectric
nanoantenna, which is one order of magnitude faster than
previously reported for resonant Si nanoparticles. Bas-
ing on the pump-probe experiments, we build an ana-
lytical model describing the transient dynamics of opti-
cal scattering on a dielectric nanoparticle with magnetic
and electric optical responses. The developed model al-
lows us to analyze the excitation and radiation of the
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FIG. 1. Schematic illustration of transient dynamics of a sil-
icon nanoparticle scattering properties during its photoexci-
tation by a femtosecond laser pulse with duration τ . Optical
absorption causes electrons to fill the conduction band of sil-
icon, therefore modifying its permittivity and nanoantenna
radiation pattern.
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FIG. 2. (a) Reflection spectrum of cone silicon nanopar-
ticles with height 220 nm, and bottom/top diameters of
140 nm/40 nm. (b) Raman spectra of initial Si:H film (black
curve) and nanoparticles fabricated from the film (red curve).
electric and magnetic dipole modes in strongly nonlinear
regime of EHP generation and ultrafast relaxation. In
particular, we describe reconfiguration of radiation pat-
tern during the pulse action from dipole-like to unidi-
rectional regime mediated by generation of EHP in the
nanoparticle, schematically shown in Fig. 1.
II. PUMP-PROBE MEASUREMENTS
In order to demonstrate the regime of ultrafast sil-
icon nanoantenna operation, we performed a series
of pump-probe experiments with an array of silicon
nanoparticles supporting magnetic optical response. The
cylindrical nanoparticles have bottom/top diameters of
140 nm/40 nm, a height of 220 nm, and a period of
600 nm. Results of linear optical measurements [see
Fig. 2(a)] show pronounced resonance near 500 nm which
is attributed to magnetic dipole Mie resonance of a sin-
gle nanoparticle. The resonance response is confirmed by
our numerical modeling in CST Microwave Studio, re-
vealing typical ring-like electric field distribution within
the nanoparticle [see inset in Fig. 2(a)].
The nanoparticles were fabricated by means of plasma-
enhanced chemical vapour deposition in SH3 atmosphere,
which usually results in the formation of completely
amorphous Si:H material with typical broad maximum
at 480 cm−1 in Raman spectrum [Fig. 2(b), black curve].
However, at the final stage of the lithographical pro-
cedure the resulting nanoparticles represent partially
recrystallized state with the narrow Raman peak at
501 cm−1 with asymmetric shape caused by influence
of the remain amorphous component19 [Fig. 2(b), red
curve]. According to our Raman micro-spectroscopy
measurements (for details see Supplementary materials),
the amount of crystalline fracture Ic/(Ic + Ia) is about
0.45, where Ic and Ia are the integrated intensities of the
crystalline and amorphous phases. The partial recrystal-
lization of initially amorphous Si:H film is supposed to be
caused by electron-beam processing step with 25 kV ac-
celeration voltage.20 The resulting pertially recrystalized
material has average grain size about d≈ 2 nm, according
to the expression d = 2pi
√
B/∆ω, where ∆ω is the peak
shift for the microcrystalline as compared that of the c-Si,
and B = 2 cm−2.19 Such material properties are prefer-
able for enhancement of radiative recombination of gen-
erated EHP carriers, reducing thermal recombination.21
Time-domain measurements of the transmission
changes at high laser intensity were performed for test-
ing the nonlinear properties of the nanoparticles. The
experimental results are presented in Fig. 3(a), where
the relative transmittance change ∆T/T0 of the probe
beam through the array is shown as a function of the de-
lay between two pulses ∆τ with respect to the pump
beam. Pulse duration of the pump beam is 220 fs,
intensity is 200±100 GW/cm2, and repetition rate is
1 kHz. This measurement at the highest possible inten-
sity in the non-damage regime provides us the informa-
tion on EHP relaxation time. Fitting the transmission
transient in Fig. 3(a) results preferably in decay time
of ≈ 2.5 ± 0.5 ps. Relatively small values of modula-
tion depth is described by slight mismatching of pump
and probe beam on 15×15 µm2 nanoparticle array. We
did not observe sharp two-photon absorption peak re-
ported previously,17,18 probably, due to crossed polariza-
tions of the pump and probe pulses excluding any in-
terference effects. Nevertheless, the observed value of
2.5 ps is the smallest observed for EHP decay in silicon-
based resonant nanoparticles, compared to ≈30 ps17 and
≈25 ps18 [Fig. 3(b)]. The comparison of the results for
the nanoparticles with those for bulk amorphous and
nanocrystalline silicon phases is given in Supplementary
materials.
III. ANALYTICAL THEORY
Now we derive the master equations describing tem-
poral response of a Si nanoparticle exposed to a short
optical pulse. We model a spherical nanoparticle as a
combination of electric (p) and magnetic (m) dipoles
which are related to incident monochomatic electromag-
netic fields via p = αeE and m = αmH. The correspond-
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FIG. 3. (a) Relative transmittance change as a function of
probe delay. Inset: colorized SEM image of the array of Si
nanoparticles. (b) Electron-hole plasma relaxation times for
resonant nanoparticles made of a-Si:H at pump wavelength
800 nm (orange circle17), for resonant nanoparticles made of
pc-Si at 1350 nm (blue square18), for nonresonant nanocrys-
tals inside a-Si:H bulk matrix at 800 nm (red squares22), and
relaxation time measured in this work at 515 nm for resonant
nanoparticles made of nc-Si/a-Si:H (green square). Green
dotted line corresponds to our model for the nc-Si/a-Si:H ma-
terial.
ing dipole polarizabilities are expressed in terms of the
Mie coefficients a1 and b1 as αe =
3i
2k3 a1 and αm =
3i
2k3 b1,
respectively,23 where k = ω/c is the free space wave vec-
tor. The above expressions relate incident field and in-
duced dipole moments in the stationary regime.
In order to obtain dynamical equations for dipole
moments it is convenient to rewrite these expressions
as α−1e p = E and α
−1
m m = H. Assuming that the
spectrum of incident pulse is centered at the frequency
ω0, we further represent incident waves as E (t) =
E˜ (t) exp (−iω0t) and H (t) = H˜ (t) exp (−iω0t) , where
E˜ (t) and H˜ (t) denote slowly varying amplitudes of elec-
tromagnetic field. Correspondingly, nanoparticle dipole
moments read p (t) = p˜ (t) exp (−iω0t) and m (t) =
m˜ (t) exp (−iω0t). Expanding inverse polarizabilities into
Taylor series α−1e,m = α
−1
e,m (ω0)+
∂α−1e,m
∂ω (ω − ω0), and per-
forming Fourier transform of expressions relating induced
dipole moments to the incident fields, we obtain the dif-
ferential equations which dictate the optical dynamics:
i
∂α−1E
∂ω
dp˜
dt
+ α−1E p˜ = E˜ (t) ,
i
∂α−1H
∂ω
dm˜
dt
+ α−1H m˜ = H˜ (t)
(1)
The above equations fully describe dynamics of the
electric and magnetic dipole moments provided that
EHP density, which determines dipole polarizabilities, is
known at all times. However, in our case the field inten-
sity itself describes EHP generation, which we address
below.
In order to describe dynamics of laser induced EHP,
we employ the rate equation which can be found in
literature.24–26 For the sake of simplicity, we will de-
scribe volume averaged concentration ρeh(t) neglecting
its spatial distribution and therefore diffusion of car-
riers across the particle volume. Indeed, at ρeh >
1020 cm−3 thermal velocity of hot free electrons is about
ve ≈ 5 × 105 cm/s,27 whereas corresponding electron-
electron scattering time is about ∼100 fs. Tacking into
account, the ring-like magnetic dipole mode structure,
the characteristic EHP homogenisation time governed
by a ballistic motion of electrons can be estimated as
τhom ∼ R/2ve ∼ 100 fs, where R is the nanoparticles
radius. We also ignore thermal effects, because of their
negligible influence on epsilon at ps-timescale under non-
damage irradiation conditions.
The rate equation for EHP therefore takes the form
dρeh
dt
= −Γρeh + W1
h¯ω
+
W2
2h¯ω
. (2)
Here, W1,2 are the volume-averaged dissipation rates
due to one- and two-photon absorption and Γ is the
phenomenological EHP relaxation rate constant. The
absorption rates are written in the usual form as
W1 =
ω
8pi
〈∣∣∣E˜in∣∣∣2〉 Im(ε) and W2 = ω8pi 〈∣∣∣E˜in∣∣∣4〉 Imχ(3),
where 〈...〉 denotes averaging over the nanoparticle vol-
ume. Nonlinear susceptibility Imχ(3) may be expressed
through experimentally accessible two-photon absorption
coefficient β via Imχ(3) = εc
2
8piωβ, where β is a function of
a pump laser wavelength.28 These averaged fields should
be related to the instantaneous values of electric (p˜) and
magnetic (m˜) dipole moments. This is done by integrat-
ing the total field of the two spherical harmonics corre-
sponding to the given values of p˜ and m˜.
Generally, the total EHP relaxation rate (Γ) can
be represented as polynomial function of EHP den-
sity: Γ = ΓTR(ρ
0
eh) + ΓBM(ρ
1
eh) + ΓA(ρ
2
eh), where
each term corresponds to trapping (ΓTR), bi-molecular
(ΓBM), and Auger (ΓA) mechanisms. Our experimen-
tal results allow us to take realistic parameters for
our model. We describe the observed ultrafast re-
combination basing on the measurements of nc-Si from
Ref.22 with including of Auger recombination mecha-
nism, because of mixed a-Si/nc-Si composition of our
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FIG. 4. Optical dynamics of a Si nanoparticle upon EHP generation. (a) Temporal dynamics of photoexcited Si permittivity
for a particle irradiated by a resonant Gaussian pulse of different intensities. Shaded area represents the envelope of the pulse
intensity. (b) Dynamics of ED and MD phasors excited in the particle during the pulse action for largest pulse intensity. Inset:
the corresponding amplitudes of ED and MD. (c) Dynamical reconfiguration of nanoantenna directivity: FBR of a nanoparticle
during the pulse action. Scattering diagrams of the incident beam at largest intensity are shown in the two insets.
material.29 Therefore the resulting relaxation rate is rep-
resented via following terms: ΓTR = 1.5 · 1011 s−1
(Ref.22), ΓBM = 1.1 · 10−10 ρeh cm3s−1 (Ref.22) and
ΓA = 4 · 10−31 ρ2eh s−1 (Ref.29). The resulting depen-
dence of relaxation time on EHP density is shown in
Fig. 3(c), demonstrating good agreement with the ex-
perimental values.
The last essential element of our dynamical model is
the expression relating permittivity of excited silicon ε
to EHP density ρeh. Generally, this dependence is repre-
sented as a following expression:16,25
ε (ω, ρeh) = εSi + ∆εbgr + ∆εbf + ∆εD (3)
where εSi is the permittivity of non-excited material,
whereas ∆εbgr, ∆εbf, and ∆εD are the contributions
from band gap renormalization, band filling, and Drude
term. The Drude contribution strongly dominates the
others in the IR range and at relatively low intensities.1
Band filling is important when EHP density becomes
comparable with the capacity of the conduction band
(ρeh > 10
20 cm−3). Band gap renormalization plays sig-
nificant role at wavelengths where permittivity dispersion
dε/dω is considerable (< 800 nm for Si). The detailed
expressions for all contributions in Eq. (3) are given in
Supplementary materials.
In the simulations, ε(ρeh) becomes time-dependent and
determines inverse dipole polarizabilities entering elec-
tromagnetic part of our model, Eq. (1). The system of
equations (1) and (2) allow to completely determine tran-
sient behavior of a silicon nanoparticle under action of an
intense optical pulse of an arbitrary shape.
IV. RESULTS
We now apply our model to study the interplay of ex-
cited electric and magnetic dipoles, leading to directional
scattering.30 We illustrate the dynamical reconfiguration
of the scattering pattern for the R = 75 nm radius sil-
icon particle in air. The particle is driven by a Gaus-
sian pulse at wavelength λ = 600 nm which is tuned
to magnetic dipole resonance, where β of silicon has the
highest values,28 allowing to reduce incident pulse inten-
sity. In Fig. 4 we present detailed transient optical re-
sponse for a few peak incident intensities I0 determined
as I0 = (c/8pi)|E|2. Pulse duration is taken as τ = 200 fs,
pulse center position is t0 = 400 fs.
Figure 4(a) shows the time-dependent real part of
Si permittivity for various I0. It shows a pronounced
dip near the pulse center around t = 500 ps, where
EHP density is maximal. Electric dipole (ED) and mag-
netic dipole (MD) phases for the largest peak intensity
(I0 = 40 GW/cm
2) are shown in Fig. 4(b). The phase
of MD abruptly jumps around the pulse center in such a
way so that ED and MD oscillate almost in phase. The
corresponding MD and ED amplitudes are shown in the
inset in Fig. 4(b). While the ED amplitude smoothly
follows the incident pulse shape, the MD amplitude also
experiences sharp change at the pulse maximum. At this
moment, due to large EHP density the particle is detuned
from the MD resonance condition, resulting in abrupt de-
crease of the MD amplitude. At this point transition to
unidirectional scattering during the rest of the pulse may
be expected.
In order to address radiation directivity evolution, we
calculate the angular emitted power distribution created
by perpendicular electric and magnetic dipoles in E- and
H-plane as8
SE (θ) = |m˜+ p˜ cos θ|2, SH (θ) = |p˜+ m˜ cos θ|2, (4)
with θ = 0 being the forward direction and θ = pi back-
ward direction. Fig. 4(c) shows the Front-to-Back ratio
(FBR) defined as FBR = SE(0)SE(pi) as well as the scattering
power patterns for the largest pulse intensity before and
after the pulse center arrival.
In the regime of weak intensity (I0 ∼ 10 GW/cm2)
EHP density is not enough to cause significant refractive
index change, so that scattering is dominated by mag-
netic dipole excitation with low FBR. However, as the
pulse intensity increases, EHP creates larger refractive
index change. As a result, MD resonance shifts to shorter
wavelengths causing significant decrease of the magnetic
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FIG. 5. (a) Map of switching time τswitch as a function of incident pulse wavelength and peak intensity. (b) Wavelength
dependence of the switching intensity (for 200 fs pulse) calculated for a series of FBR values.
dipole polarizability αm. At the same time, the electric
dipole resonance is barely affected by EHP-induced re-
fractive index change. This results in a Huygens-like be-
havior with FBR as high as 100 for 40 GW/cm2 incident
pulse, Fig. 4(c).
Remarkably, switching to unidirectional Huygens
regime under irradiation by a strong pulse occurs at 100 fs
scale time, Fig. 4(c). Such fast reconfiguration occurs
due to intense EHP generation via two-photon absorp-
tion, whose rate scales quadratically with I0. In order to
quantitatively describe this feature of transient nanopar-
ticle response, we introduce the switching time τswitch
as the minimal duration of a Gaussian pulse with given
peak intensity I0 required to achieve FBR = 5 during the
pulse action.
This switching time τswitch is shown in Fig. 5(a) as a
function of peak intensity and excitation wavelength as-
suming that nanoparticle radius obeys the MD resonance
condition, i.e. 2R ≈ λ√Re (εSi). Clearly, ultrafast re-
configuration with τswitch ≤ 100 fs can be achieved in
the wavelength range 550− 650 nm where high one- and
two-photon absorption in silicon enables dense enough
EHP generation at the ultrashort time scale (see Supple-
mantary material for a 2D plot of EHP density). It also
shows that the switching time gradually reduces with in-
creasing wavelength in the IR despite very low one- and
two-photon absorption of Si in this range. This occurs
due to λ2 scaling of Drude contribution to the permittiv-
ity of photoexcited silicon.
Required intensity and pulse duration depend on the
value of desired FBR of a silicon nanoparticle in the
switched state. In the regime of exact Huygens source,
when αe = αm, backward scattering cancels completely,
but it would require larger fluences. However, finite-FBR
although highly directional regimes can be obtained at
lower EHP densities and therefore smaller fluence. In
Fig. 5(b) we show the switching intensity assuming con-
stant 200 fs pulse duration for a series of desired FBR
values. We also derive a useful analytical estimation of
switching intensity for infinitely large FBR (see Supple-
mentary materials):
Iswitch =
c2
4λ
(
pi2
Re (εSi)
)2√
h¯
e2
· Re (εSi)m
∗
τ Imχ(3)
. (5)
The estimated value of switching intensity reduces with
increasing Imχ(3) and Re (εSi). Therefore, using high-
index dielectrics with high third-order nonlinearity is
preferable for the optical switching. Particularly, as
Fig. 5(a) suggests, a laser pulse with λ = 550–700 nm
and I0 > 15 GW/cm
2 is the most optimal for the ultra-
fast reconfiguration of the nc-Si nanoantenna.
In practice, achieving of FBR=∞ is not necessary,
whereas FBR=3–5 is sufficient for significant change of
the transmitted optical signal through the nanoswitch,
yielding relatively low range of incident intensities
I0 = 15–60 GW/cm
2 at λ = 500–1500 nm [see Fig. 5(b)].
Particularly, at I0 = 15 GW/cm
2, λ = 550–700 nm,
τ = 100 fs, and realistic focal spot area ≈ 1 µm2, 15 pJ
pulse is sufficient for considerable switching (FRB≈3) at
the ultrafast time. Such energy and intensity levels are
far below the damage threshold of Si (Idamage ∼ 102–
103 GW/cm2, Refs.16,17) for such type of nanoparticles.
Interestingly, our simple expression for Iswitch gives the
same ∼ τ−1/2 scaling as the damage threshold Idamage ∼
τ−1/2.31 Therefore, the ratio Iswitch/Idamage is approx-
imately constant in a broad range of pulse durations,
simplifying the system optimization.
In order to evaluate the ultimate performance of the
proposed nanostructure, we note that its bandwith is
mainly limited by reverse switching from the photoex-
cited unidirectional state to dipole-like one during the
EHP relaxation. Numerical simulations indicate that
such switching from FBR = 3 to its initial state occurs
during approximately 4 ps yielding the maximum band-
width of about 250 Gbit/s. Our pump-probe measure-
ments confirm the possibility of device operation at this
speed.
6V. CONCLUSION
To summarize, we have shown that generation and
relaxation of EHP in a silicon nanoparticle under non-
damage regime of photoexcitation can be as fast as 2.5 ps,
being promising for ultrafast all-optical data processing.
Basing on the developed model, we have analyzed tran-
sient optical dynamics of the nanoparticle, demonstart-
ing accelerated scattering pattern reconfiguration from
a dipole-like to a Huygens element-like pattern during
laser-nanoantenna interaction. Our results provide a gen-
eral strategy for the experimental parameters optimiza-
tion for achieving effective all-optical signal processing
by using a single dielectric nanoparticle. (i) The ma-
terial should have high third order nonlinearity and re-
fractive index at pump wavelength; (ii) Provided that (i)
is satisfied, longer wavelengths of the signal are prefer-
able; (iii) The use of nanocrystalline or amorphous state
is favorable due to faster relaxation rate as compared to
pure crystalline state; (iv) Irradiation in the vicinity of
the Kerker condition gives the most dramatic change of
the scattering properties. We envision that the proposed
approach for ultrafast tuning of Huygens source will be
useful for the development of novel ultrafast nonlinear
optical nanodevices, where interplay between electric and
magnetic modes plays the crucial role in scattering be-
havior.
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Supplementary Material: Nonlinear Transient Dynamics of Photoexcited Silicon
Nanoantenna for Ultrafast All-Optical Signal Processing
I. CALCULATION OF VOLUME-AVERAGED FIELDS
Calculation of the one- and two-photon absorption rates W1,2 requires knowing of the electric field value averaged
over the nanoparticle volume,
〈∣∣∣E˜∣∣∣2〉 and 〈∣∣∣E˜∣∣∣4〉. We should relate these values to the instantaneous amplitudes of
electric and magnetic dipole moments, whose dynamics is governed by Eq. (1) in the main text. To do that, we assume
that at each moment electric field inside the particle can be represented as a sum of electric dipole and magnetic
dipole modes:
E(r) = EMD(r) +EED(r) = AMDj1(
√
εkr) [eθ cosϕ− eϕ sinϕ cos θ] +
AED
[
2
j1(
√
εkr)√
εkr
er cosϕ sin θ +
(
√
εkr · j1 (
√
εkr))
′
√
εkr
(eθ cos θ cosϕ− eϕ sinϕ)
]
(S1)
The values AMD and AED are found by integrating the near-field current of the field distribution E and equating
the resulting dipole moments to known values of p˜ and m˜:
m˜ =
1
2c
∫
V
r× (−iω) ε− 1
4pi
EMDd
3r (S2)
p˜ =
∫
V
ε− 1
4pi
EEDd
3r (S3)
Now, volume-averaged electric field can be directly calculated by integrating expression (1) over the nanoparticle
volume. This procedure is repeated at each step of numerical simulations.
II. PERMITTIVITY OF EXCITED SILICON
This is a well-know result and can be found, e.g., in Refs.S1,S2:
ε(ω, ρeh) = εIB(ω
∗)
(
1− ρeh
ρbf
)
− ω
2
pl(ρeh)
ω2 + 1/(τ2e (ρeh))
(
1− i
ωτe(ρeh)
)
, (S4)
where the above mentioned ρeh-dependent bandgap shrinkage effect on interband transitions is accounted by in-
troducing effective photon frequency ω∗ = ω + Θρeh/ρbgr. Here, the characteristic renormalization EHP density
ρbgr ≈ 1 × 1022 cm−3, the factor Θ is typically about 5% of the total valence electron density (≈ 2×1023 cm−3 in
Si) to provide the ultimate 50% electronic direct bandgap renormalization, i.e., h¯Θ ≈ 1.7 eV of the effective minimal
gap ≈ 3.4 eV in silicon, and ρbf is the characteristic band capacity of the specific photo-excited regions of the first
Brillouine zone in the k-space (e.g., ρbf(L) ≈ 4× 1021 cm−3 for L-valleys and ρbf(X) ≈ 4.5× 1022 cm−3 for X-valleys
in Si), affecting interband transitions via the band-filling effectS1. The bulk EHP frequency ωpl is defined as
ω2pl(ρeh) =
ρehe
2
ε0εhf(ρeh)m∗opt(ρeh)
, (S5)
where the averaged over L- and X- valleys effective optical (e-h pair) mass m∗opt ≈ 0.18me (Ref.S1) is a ρeh-dependent
quantity, varying versus transient band filling due to the band dispersion and versus bandgap renormalization. The
high-frequency electronic dielectric constant εhf was modeled in the form εhf(ρeh) = 1+εhf(0)×exp(−ρeh/ρscr), where
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FIG. S1. Experimental setup for the pump-probe transmittance measurements, where BS is beam splitter, DM is dielectric
mirror, O - objective, P - polarizer, PD - photodetector.
the screening density ρscr ≈ 1 × 1021 cm−3 was chosen to provide εhf → 1 in dense EHP. The electronic damping
time τe in the regime of dense EHP at the probe frequency ωpr was taken, similarly to metals, in the random phase
approximation as proportional to the inverse bulk EHP frequency ω−1pl . Here, τe is evaluated for h¯ω > kBTe in the
form τe(ρeh) ≈ 3 × 102/(ωpl(ρeh)), accounting multiple carrier scattering paths for the three top valence sub-bands,
and multiple X-valleys in the lowest conduction band of silicon.
III. OPTICAL CHARACTERISATION
The broadband spectral measurements of the reflected signal from a single nanoparticle (Rs) were carried out by
means of strong focusing and collection of light (λ=400–900 nm) to a spectrometer (Horiba LabRam HR) through an
achromatic objective with a numerical aperture NA=0.95.
Raman scattering data were measured by a micro-Raman apparatus (Raman spectrometer HORIBA LabRam HR,
AIST SmartSPM system). As a source 632.8-nm HeNe laser were used. The Raman spectra were recorded through
the 100× microscope objective (NA=0.9) and projected onto a thermoelectrically cooled charge-coupled device (CCD,
Andor DU 420A-OE 325) with a 600-g/mm diffraction grating. Individual nanoparticle spectrum was recorded by a
commercial spectrometer (Horiba LabRam HR) when the nanoparticle was precisely places (accuracy about 100 nm)
in the center of the laser beam (0.86-µm diameter) focused on the substrate.
IV. TIME-DOMAIN TRANSMITTANCE MEASUREMENTS
We exploit a laser pulses at 515 nm wavelength and 1 kHz repetition rate, which are split by two pulses with
orthogonal linear polarizations and have 10-times difference between their intensities. Maximum energy of the pump
pulse in non-damage regime is about 10 nJ. The pulses are focused by a NA=0.25 objective onto the nanoparticles
array, providing focused laser spot size of about r1/e ≈ 2.5 µm. The energy of the transmitted probe pulse is measured
by a GaP photodetector, whereas the pump pulse is filtered by a polarizer.
V. RECOMBINATION
For silicon, the carrier trapping (ΓTR) on point defects
S3 and self-trappingS4 is well known to be the dominating
mechanism at low EHP densities (< 1020 cm−3) and low crystallinity. So-called bi-molecular (ΓBM) non-radiative and
radiative recombination (both resonant and non-resonant) processes govern relaxation dynamics mostly in amorphous
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FIG. S2. Relaxation time of EHP as a function of EHP density. Data fromS13 (red square),S12 (red triangle),S8 (green
squares),S11 (black stars),S10 (black triangles),S9 (black squares), and calculated Auger relaxation for c-Si (black dotted line).
FIG. S3. Highest value of EHP density inside a resonant nanoparticle during the pulse action as a function of radius and
incident intensity.
siliconS5,S6. For crystalline silicon in a broad range of EHP densities, the relaxation proceeds via Auger recombination
(ΓA)
S7. However, different methods of silicon fabrication yield the materials with different defects types and concen-
trations, resulting in different coefficients for ΓTR, ΓBM, and ΓA
S5,S6,S8. Fig. S2 represents some experimental data
from previous works on EHP relaxation in different silicon-based materials and nanostructuresS8–S13 and their com-
parison with Auger recombination in c-Si given as τ = (4· 10−31 ρ2eh)−1 s, revealing much faster relaxation dynamics
for amorphous and nanocrystalline states as compared to pure crystalline silicon.
4VI. GENERATED EHP DENSITY
In Fig. S3 we show the highest value of EHP density attainable during the pulse action assuming that nanoparticle
radius obeys MD resonance condition.
VII. ESTIMATION OF SWITCHING INTENSITY
Developed theory allows us to obtain an evaluation of the threshold pulse intensity Iswitch necessary for transition
to the unidirectional scattering regime. Assume that pulse wavelength λ is tuned to the magnetic dipole resonance
of unexcited particle. The first Kerker condition, when αe = αm, is satisfied at λKerker ≈ 2.2R√ε0S14. Given the
constant excitation wavelength, we conclude that refractive index of the photoexcited silicon should be decreased
by 10% to achieve the Kerker’s condition: δn ≈ −0.1n, δε = δ (n2) ≈ −0.2ε0. The main contribution to modified
permittivity at optical and IR frequencies is provided by the free carriers term in Eq. (4) and it can be roughly
estimated as δε ≈ δ(−ω2pl
/
ω2), where ωpl is the bulk EHP frequency defined as ω
2
pl = 4piρ0e
2/
(
εhfm
∗
opt
)
. Here, the
effective optical (e-h pair) mass m∗opt ≈ 0.18me and high-frequency electronic dielectric constant εhf → 1 in dense
EHPS16.
To estimate peak EHP density ρ0 created by the incident pulse, we note that during a typical 100 − 200 fs pulse
duration EHP relaxation can be neglected as it occurs on a ps scale. Further, we notice that two-photon absorption is
more efficient at characteristic intensities required for activation of Huygens regime. Therefore we integrate the EHP
rate equation (Eq. (2) of the main text) and estimate peak EHP density as ρ0 ≈ τ16pih¯ Imχ(3)|Ein|4. Finally, recalling
that at magnetic dipole resonance αm =
3i
2k3 , and that electric field inside the particle is enhanced by a factor of
F ∼ 6αm/(kR4ε), we substitute this formula into expression for δε and arrive at the desired evaluation of threshold
intensity:
Iswitch =
c2
4λ
(
pi2
Re(εSi)
)2√
h¯
e2
· Re(εSi)m
∗
τ Imχ(3)
(S6)
∗ denis.baranov@phystech.edu
[S1] K. Sokolowski-Tinten and D. von der Linde, Phys. Rev. B 61, 2643 (2000).
[S2] S. Makarov, S. Kudryashov, I. Mukhin, A. Mozharov, V. Milichko, A. Krasnok, and P. Belov, Nano Lett. 15, 6187
(2015).
[S3] P. Jepsen, W. Schairer, I. H. Libon, U. Lemen, N. Hecker, M. Birkholz, K. Lips, and M. Schall, Appl. Phys. Lett. 79,
1291 (2001).
[S4] S. Mao, F. Quere, S. Guizard, X. Mao, and R. Russo, Appl. Phys. A 79, 1695 (2004).
[S5] A. Esser, K. Seibert, H. Kurz, G. Parsons, C. Wang, B. Davidson, G. Lucovsky, and R. J. Nemanich, Physical Rev. B
41, 2879 (1990).
[S6] P. Fauchet, D. Hulin, A. Migus, A. Antonetti, J. Kolodzey, and S. Wagner, Physical Rev. Lett. 57, 2438 (1986).
[S7] C. R. Shank, R. Yen, and C. Hirlimann, Phys. Rev. Lett. 50, 454 (1986).
[S8] W. He, A. Zakar, T. Roger, I. V. Yurkevich, and A. Kaplan, Opt. Lett. 40, 3889 (2015).
[S9] P. Fauchet, D. Hulin, R. Vanderhaghen, A. Mourchid, and W. Nighan, Journal of Non-Crystalline Solids 141, 76 (1992).
[S10] A. Esser, H. Heesel, H. Kurz, C. Wang, G. N. Parsons, and G. Lucovsky, J. Appl. Phys. 73, 1235 (1993).
[S11] I. Shkrob and R. Crowell, Phys. Rev. B 57, 12207 (1998).
[S12] Y. Yang, W. Wang, A. Boulesbaa, I. I. Kravchenko, D. P. Briggs, A. Puretzky, D. Geohegan, and J. Valentine, Nano
Lett. 15, 7388 (2015).
[S13] M. R. Shcherbakov, P. P. Vabishchevich, A. S. Shorokhov, K. E. Chong, D.-Y. Choi, I. Staude, A. E. Miroshnichenko,
D. N. Neshev, A. A. Fedyanin, and Y. S. Kivshar, Nano Lett. 15, 6985 (2015).
[S14] B. S. Luk‘yanchuk, N. V. Voschinnikov, R. Paniagua-Dominguez, and A. I. Kuznetsov, ACS Photon. 2, 993 (2015).
